It is important to know the impact fracture behaviors in the safety design of the brittle material board. However, the three-dimensional analysis for the impact fracture behaviors of the brittle material board is not done over the current. In this research, the impact penetration fracture when the impact body collides with the center of the brittle material board is analyzed by PFC3D. It is the general three-dimensional program that uses the Distinct Element Method (DEM). DEM is suitable for the analysis of the fracture behavior of the non-individual body and the break-up body. The analytical results are compared with the experimental one and the validity of analytical results are checked. By this research, it is obvious that the penetration speed and the loss energy increase as the impact velocity, radius and mass of the impact body increase. Moreover, the relations between the parameters of impact body and fracture behavior are clarified.
Introduction
High safety is required against the impact loads on brittle materials including automobile windshields, the concrete of buildings and plate glass. It is important to know the fracture behaviors and characteristics of these brittle materials for safe design.
The authors have studied the mechanism and phenomena of the impact penetration fractures on brittle materials using a two dimensional DEM program developed by ourselves (1) - (3) . However, two problems arose. Only the feature of the cross-section of fracture developed on the plane surface could be reproduced by the two dimensional DEM program, and the assessment of how accurately the fracture phenomena was reproduced was difficult.
In this study, we clarified the phenomena of impact penetration fracture on brittle material plates three-dimensionally using the recently developed PFC3D program (CRC SOLUTION Corp.), a three dimensional DEM program. Moreover, we compared the results with the corresponding experiments of impact penetration fracture on glass (1) , and confirmed the effectiveness of PFC3D. Furthermore, we performed analyses about various conditions which were difficult to be reproduced in experiment and through these analyses, considered how collision speed and mass extended the effects on the fracture behaviors.
DEM

Outline of DEM (4), (5)
DEM is a method to obtain dynamic behaviors of the analysis object, by expressing the analysis object as an aggregation of discrete rigid elements, setting up an independent dynamic equation by a second order differential equation for each element, approximating the difference and solving them by a marching method. Force transmissions between the elements occur only when the elements contact with each other. As shown in Fig. 1(a) , the force that affects on the contact surfaces of two elements i and j is split into the direction vertical to the contact surface (normal force) and the moving direction of the elements on the contact surface (tangential force). Consequently, as shown in Fig. 1(b) , the elastic and inelastic characteristics of the materials are expressed by arranging each of them as springs (elastic coefficient Kn, Ks) and dashpots (viscosity coefficient ηn, ηs) in the normal direction and the tangential direction, and transmitting the forces of the tension, compression and shear. When an elastic spring between elements reached a certain limit value, it can be considered that a disruption occurred among the elements and only the force of compression is transited in the area where the disruption occurred. In the case of an element (radius r, mass m and inertia moment I ), when a external force f(t) and external moment g(t) act on each other, its translation and rotation are expressed in the following equations:
η and K of above equations are the combination of the spring and dashpot of all elements contacted. Although it is possible to analyze the behaviors of the analysis object by a set of simultaneous dynamic equations of all elements, it is not necessary because they are actually solved by a marching method.
DEM model
When modeling of analysis objects using DEM is considered, a square layout of sphere elements as shown in Fig. 2(a) and a hexagonal layout of spherical elements as shown in Fig. 3(a) can be considered. Based on these layouts, the plate model is defined as a three layer structure as shown in Fig. 2(b) and Fig. 3(b) . In this case, the spring coefficient Kni in the normal direction and the spring coefficient Ksi in the tangential direction are approximately obtained from the following equations: In these equations, E is Young's modulus of the material, r is radius of element, ν is Poisson's ratio of material and Ai is the contact surface corresponding to spherical element. Using Kni and Ksi obtained from equations (3) and (4), a viscosity coefficient ηni in the normal direction and a viscosity coefficient ηsi in the tangential direction are obtained from the following equations:
In the above equations, m is the mass of the spherical element, and hni and hsi are attenuation coefficients. In actual analysis, the values of hni and hsi are properly chosen in order for the analysis to be stabilized by the noises being removed, which occur when elements contact each other.
DEM Models for the Analysis of Impact Penetration Fracture
Modeling of plate and analytical conditions
The accuracies of modeling of DEM analysis and the solutions by it have not been well clarified. In this chapter, two kinds of element subdivision and two kinds of default arrangement of the striker were established for the same plate of the analysis object, the analyses on impact penetration fracture were conducted under these four conditions, and the effects of modeling on the solution of the DEM were considered. As shown in Fig. 4 , the behaviors at the time when a spherical rigid striker was collided with the center of plate in which four sides of it were clamped were analyzed. As shown in Fig. 5 , the four models different in element layout and striking way of the striker to the plate were used (Model-1 Table 1 shows element structure and size of the plate of each model. The material of the plate is glass and the viscosity coefficient is defined as zero. The displacements and revolutions of the four sides of the plate were constrained and completely clamped. The striker is 20 mm in radius and 1.2903 kg in mass, and has a physical property of iron. (Although it is input as a data of rigid sphere for analysis, it can be considered as a complete rigid body because it consists of only one element.) The collision speed of the striker was changed to 5, 10, 30 and 50 m/s. The analysis step⊿t was defined as 0.1µs. The acceleration of gravity was not taken into consideration. Table 2 shows the constants for the analysis. Figure 6 shows the relationship between the collision speed and the residual speed after the collision of the striker for each model. The fracture behaviors at the completion of the analysis are shown in Fig. 7 in the case of the striker's collision speed of 5 m/s and in Fig. 8 in the case of 30 m/s. The white lines in Fig. 7 express the cracks that developed in the plates, and they were drawn after the analysis was completed.
Analytical results and consideration
From Fig. 6 , in the case that the collision speed was 5 m/s, only a slight difference appeared in the change of striker's collision speed in each model, and it shows that there was little difference between the models. On the contrary, as shown in Fig. 7 , in the case that collision speed was low, large cracks occurred across the plate, and there were large differences in the crack propagation patterns by model. In the cases of models 1 and 2 of the hexagonal layout, the cracks occurred in six directions and in the cases of models 3 and 4 of the square layout, they occurred in four directions at right angles. This is considered to be caused by the effects of element subdivision as shown in Fig. 5 . From Fig. 8 , in the case that the collision speed was high, although there were slight differences in fragment dispersal, each model shows similar fracture behavior.
As mentioned above, in the case of the collision speed of striker being low, the difference of the DEM modeling of the plate affects the analytical result. Taking into consideration that the cracks occurred in unnatural behaviors in models 3 and 4 of a square layout and that model 1 shows a more symmetrical property than model 2, as shown in the fracture behaviors under the collision speed of 5 m/s, it was determined that model 1 be applied to the analyses to follow.
Analysis on Impact Penetration Fracture of Brittle Material Plate
Analytical model and condition
As same as in chapter 3, the behaviors at the time when the spherical rigid striker was collided with the center of the plate in which four sides were clamped down as shown in Fig. 4 were analyzed. Model 1 was applied to the plate model. The striker was an iron ball of 20 mm in radius and 1.2903 kg in mass, and its radius and mass were changed according to analyses. The analysis step ⊿t was defined as 0.1 µs. The acceleration of gravity was not taken into consideration. The constants of Table 2 were applied for the analysis. The attenuation constant of glass was defined as 0.05. In this chapter, in particular, in order for the brittle material plate's impact fracture behaviors to be comprehensively evaluated from various points of view, the analyses were performed under three kinds of conditions as follows;
① The collision speed was changed to 5, 10, 20, 30, 40, and 50 m/s. ② The collision speed and mass of the striker were fixed at 30 m/s and 1.2903 kg, respectively, and the radius of the striker was changed to 10, 20, 30, 40, 50 and 60 mm. ③ The collision speed and radius of the striker were fixed at 30 m/s and 20 mm, respectively, and the mass of the striker was changed to 0.05, 0.1, 0.5, 1, 5 and 10 times based on 1.2903 kg.
The definitions of penetration and amount of energy loss
The moving direction of the striker at the time of collision is defined as positive. At the end of analysis, when the striker contacts keeping a positive speed, and an obvious penetration fracture was observed from the fracture behavior, a penetration is recognized as realized. Moreover, when the penetration was realized, the difference between kinetic energy at the time of collision and that after the penetration is regarded as the amount of energy loss at the time when the striker penetrated the plate. The amount of energy loss can be expressed in the following equation: 
In this equation, M shows the mass of the striker, Vstart shows the speed of the striker at the time of the collision started, and Vend shows the speed of striker after the penetration.
Analytical results and consideration
The analysis on collision speed change
We will explain the cases under condition ① mentioned in 4.1. Fig. 9 shows the fracture behaviors at the time when 3 ms lapsed after the beginning of the analysis and Fig.  10 shows the features of the occurrence of cracks, both in the cases that the striker's collision speeds were 5, 10, 30 and 50 m/s. Fig. 10 shows the features of cracks in the lowest layer of the three layer structure shown in Fig. 5(b) (the opposite surface to that struck by striker). The black part shows the region where the combination among the elements has not been broken and the white part shows the region where the combination has been broken. Fig. 11 shows the time variations of striker's speed when the striker's collision speeds were 5 m/s and 30 m/s. The relationship between the striker's collision speed and the residual speed after penetration is shown in Fig. 12(a) and the relationship between the striker's collision speed and the amount of energy loss in Fig. 12(b) . For the purpose of qualitative comparison with these analytical results, an experiment on impact penetration fractures of a glass plate was conducted, and as a result (1) , the features of the fractures at 2 µs after the beginning of collision when the striker's collision speeds were 13.2 m/s and 22.0 m/s are shown in Fig. 13 , and the relationship between the striker's collision speed and the residual speed after penetration are shown in Fig. 14 . From Fig. 9 , it reveals that the higher the striker's collision speed is, the more fragments disperse and the more their momentum increases. From the features of crack occurrences shown in Fig. 10, as described cracks tend to occur on the plate, and on the contrary, the higher the collision speed is, the less frequently the cracks like these occur. These results show a similar tendency to the test results shown in Fig. 13 . In other words, from the fact when the collision speed was low at 10 m/s or 5 m/s, the cracks spread more extensively, it reveals that more collision energy is spent in the deformation of the plate. On the contrary, when the collision speed was high at 30 m/s or 50 m/s, large cracks hardly occurred and the fractures were localized. It shows that the collision energy was spent on the fractures in the neighborhood of the contact surface and the momentum of the fragments. It is considered because when the collision speed is low, the deformation extensively disperses without breaking the combination among the elements due to a small deformation volume per unit time, and on the contrary, when the collision speed is high, the combination among the elements is broken before the deformation disperses due to a large deformation volume per unit time. Fig. 11 shows that the higher the collision speed is, the steeper the slope of change becomes, and it reveals that the time spent for the penetration becomes shorter. Fig. 12(a) shows that along with the increase of collision speed, the residual speed after penetration linearly increases. This result is also similar to the experimental result of Fig. 14. However, Fig. 12(b) shows that the volume of the striker's energy loss nonlinearly increases along with the increase of the collision speed, and it reveals that the amount of energy transmitted from the striker to the plate increases.
Analysis on the change of radium of striker
We will explain the cases under condition ② mentioned in 4.1. Fig. 15 shows the fracture behaviors after the analysis under the conditions of the striker's radius of 10 mm and 40 mm. Fig. 16 shows the relationship between the surface area of the striker and the amount of energy loss. Fig. 15 and Fig. 9(c) show that when the mass of the striker is constant, the larger the striker's radius is, the more the area of fracturing extends and the more the fragments disperse. Moreover, Fig. 16 shows that the larger the surface of the striker is, the more the energy loss increases almost proportionally to the surface of the striker. It is because along with the increase of the radius of striker, the contact surface of the plate at the time when the striker penetrates the plate increases and the fracturing area expands. As a result, it is considered that more energy may be transmitted from the striker to the plate.
Analysis on the change of striker's mass
We will explain the cases under condition ③ mentioned in 4.1. Fig. 17 shows the fracture behaviors at the analysis in the cases of the striker's masses are 0.1293 kg and 1.2903 kg. Fig. 18 shows the relationship between the mass of the striker and the amount of energy loss. Fig. 17 and Fig. 9(c) show that in the case that the size of the striker is the same, the larger the mass of striker is, the more the momentum of the fragments increase and the more the fracturing area increases. Fig. 18 shows that along with the increase of the striker's mass, energy loss nonlinearly increases.
As mentioned before, in the case that the mass of the striker is fixed and the collision speed is increased, the fracturing area becomes smaller since the deformation volume per unit time becomes larger. However, it is considered that in the case that the collision speed is fixed and the mass of the striker is increased, and since the deformation volume per unit time does not change and the collision energy increases, the momentum of fragments increases and at the same time the fracturing area expands.
Conclusion
The conclusions were obtained about the impact penetration fracture of a brittle material plate from the analytical results using a three-dimensional DEM as follows: (1) Along with the increase of the speed of the penetrating object, kinetic energy transmitted to the plate increases. At that time, the fracturing is localized due to the increase of the deformation speed of the plate, and only the momentum of fragments increases. (2) Along with the increase of surface area of the penetrating object, the fracturing area expands and kinetic energy transmitted to the plate increases.
(b) Mass of striker: 12.903kg (a) Mass of striker: 0.12903kg Along with the increase of the mass of the penetrating object, kinetic energy transmitted to the plate increases, and as a result, the fracturing area and the momentum of fragments increase. (4) The analytical results of the trends that fracture behaviors show, the relationship between the striker's collision speed and the residual speed after penetration are similar to experimental results. From this fact, the effectiveness of the three-dimensional DEM used in this study and the modeling for the analysis are verified.
